









































Background: Aflatoxins are carcinogenic and immunosuppressing compounds that contaminate food staples such as maize and groundnuts in tropical and subtropical climates around the world. The risk of chronic aflatoxin exposure is particularly high in sub-Saharan Africa, where rural populations of subsistence farmers frequently experience food insecurity which may force families to consume damaged crops and subsequent unregulated amounts of aflatoxins. Although a causal mechanism has yet to be established, aflatoxin exposure has also been linked as an underlying factor of malnutrition and growth impairment in children under 5 years of age. The aim of this analysis was to explore the potential relationship between aflatoxin concentration and malnutrition outcomes of stunting, underweight, and wasting in children from Zambia.     
Methods: The data in this analysis came from two sources: the Child Recode dataset from the 2013-14 Zambia Demographic Health Survey and the data of aflatoxin concentrations in maize samples from Dr. Paul Kachapulula. The analysis consisted of boxplots, scatterplots, and a Spearman correlation analysis with and without outliers to evaluate the relationship between aflatoxins and growth inhibition in Zambian children under 5 years of age.
Results: The two districts with the highest concentrations of aflatoxins were Mazabuka (107.6 µg kg-1, Southern province) and Sesheke (41.24 µg kg-1, Western province) and were identified as outliers. The Spearman correlation analysis with a sample size of 19 districts found a significant negative association (r = -0.483, p=0.036) between aflatoxin concentration and wasting, represented by weight-for-height z-scores, but not stunting and underweight. After excluding the outliers, no significant relationships were observed (wasting r = -0.315, p = 0.218).
Conclusions: Aflatoxin contamination is a widespread public health problem in sub-Saharan Africa and, possibly including Zambia. Future studies with a cohort of Zambian children are needed to accurately measure biological aflatoxin exposure and the potential negative impact on nutrition and development.
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Aflatoxins are a group of carcinogenic compounds mainly produced by two species of molds, Aspergillus flavus and Aspergillus parasiticus. These fungi are found in tropical and subtropical climates around the world, colonizing a variety of food crops such as maize, groundnuts, oilseeds, and spices. The major aflatoxin types of concern are B1 and G1, as well as their derivative metabolites B2 and G2 (Liu and Wu 2010). The most commonly found is aflatoxin B1 (AFB1), which also happens to be the most potent chemical liver carcinogen to exist in nature (Khlangwiset et al. 2011, Williams et al. 2004). Subsequently, AFB1 is classified as a Group 1 human carcinogen by the International Agency for Research on Cancer (IARC).  
After an outbreak of “Turkey X disease” in South Eastern England in 1960, aflatoxins were subsequently discovered to be the causative agent in contaminated peanut meal feed, which resulted in the deaths of tens of thousands of turkeys (Williams et al. 2004, Wannop 1961). There are a variety of factors that affect the contamination potential of aflatoxins, including climate, harvest, and storage conditions. A. flavus and A. parasiticus can produce aflatoxins prior to harvest due to drought conditions that stress and damage crops. High temperatures above 30 degrees C, humidity greater than 85%, and rainfall at or after harvest have all been linked to higher concentrations of aflatoxins (Wu et al. 2011, Strosnider et al. 2006, Jones et al. 1980). Post-harvest conditions that remain damp as a result of transport or ineffective sorting and drying methods are also favorable for aflatoxin proliferation, especially in developing countries with a large population of subsistence farmers. Maize and groundnuts grown by subsistence farmers are consumed and stored in large quantities and typically do not pass through any regulatory aflatoxin inspection (Khlangwiset and Wu 2010). Thus, to prevent the growth and accumulation of aflatoxins in food storage, it is necessary to control moisture, temperature, and pests (Kabak et al. 2006).
To limit aflatoxin exposure, over 100 countries have set maximum tolerated levels (MTLs) of aflatoxin in food and feed. Currently, the United States Food and Drug Administration and the European Commission have set MTLs of 20 and 4 µg/kg, respectively (FAO 2004). Conversely, Zambia has not established a MTL to limit aflatoxin exposure. This is currently under review, with proposed MTLs for AFB1 and total aflatoxin at 5 µg/kg and 10 µg/kg, respectively (Njoroge et al. 2016). This lack of regulation compounded by recent droughts have left large portions of the population at risk of severe food insecurity. Maize shortages due to famine force subsistence farmers to sell good-quality produce to millers and the government to earn an income, storing the low-quality and poorly-dried harvest for personal consumption (Kankolongo et al. 2009). These conditions, coupled by the limited quantity of dietary staples in storage, make entire communities susceptible to unsafe levels of aflatoxin exposure. Despite international regulations and limits, it is estimated that approximately 5 billion people are exposed to uncontrolled amounts of aflatoxins due to the high worldwide consumption of these food crops (Strosnider et al. 2006).
1.2	AFLATOXIN EXPOSURE
1.2.1	Quantifying Aflatoxins
Aflatoxins can be quantified in food as concentrations as well as in urine, blood, and breastmilk as biomarkers of exposure. Typically, aflatoxins are measured as parts per billion (ppb) or micrograms per kilogram (µg/kg). Biomarkers of exposure to aflatoxin measure the presence of aflatoxins and its metabolites in body fluids which can be used as an indicator of current or previous exposure (Kensler et al. 2010). Due to the 3-week half-life of circulating albumin in the body, the detection of aflatoxin-albumin adducts (AF-alb) likely represent integrated exposures over a period of several months. Conversely, aflatoxin metabolites in urine or breastmilk have very short half-lives and thus reflect very recent aflatoxin exposure (Kensler et al. 2010).
1.2.2	Adverse health effects of aflatoxins
Exposure to aflatoxins can cause numerous negative health effects such as growth impairment, immunosuppression, acute lethality and an increased risk of liver cancer (Barrett 2005). Multiple animal studies, summarized in Khlangwiset et al. (2011), have shown the ability of aflatoxins to suppress the cell-mediated immune response, reduce the number of CD4 cells, and impair macrophage function. Similar results have been observed in human studies, including evidence of an interaction between aflatoxin-induced oxidative stress and an increase in HIV replication (Williams et al. 2004).    
1.2.2.1	Aflatoxicosis

The poisoning that results from the consumption of aflatoxins is known as aflatoxicosis and is categorized in two forms: chronic aflatoxicosis (i.e. subsymptomatic exposure) and acute aflatoxicosis (i.e. severe intoxication). Chronic subsymptomatic exposure is due to a constant ingestion of small doses of aflatoxins which can lead to negative nutritional and immunologic effects throughout life (Williams et al. 2004). The ingestion of high doses of aflatoxins in a short period of time can be fatal. Symptoms of acute severe aflatoxicosis include hemorrhage, acute liver damage, cirrhosis, edema and death resulting from extremely high doses of aflatoxin (Khlangwiset et al. 2011, Williams et al. 2004). In Kenya, one of the largest and most severe aflatoxicosis outbreaks occurred in April 2004, resulting in 317 cases and 125 deaths (Lewis et al. 2005). Following the examination of maize samples, AFB1 concentrations were found as high as 4,000 parts per billion (ppb), or approximately 220 times the Kenyan limit for food (Barrett 2005). 
1.2.2.2	HBV and liver cancer

The impact of aflatoxins on liver cancer incidence has been well studied (Barrett, 2005; Wild and Montesano, 2009; Kensler et al. 2010). Chronic exposure to aflatoxins increases the risk of liver cancer via the ability of AFB1 to damage critical genes as well as induce a specific AGG to AGT transversion mutation at codon 249 of the p53 tumor suppressor gene (Wild and Montesano, 2009). Acute aflatoxin exposure in large enough quantities may also induce liver cancer. The risk of liver cancer significantly increases when both aflatoxin exposure and hepatitis B virus (HBV) infection are present. Aflatoxin exposure damages DNA, leading to an activation of oncogenes and loss of function in tumor suppressor genes. HBV infection causes chronic inflammation in the liver that subsequently creates an environment that fosters the outgrowth of precancerous cells initiated by aflatoxin. High levels of genetic damage coupled with increased rates of liver cell proliferation likely explains the synergistic interaction between aflatoxin and HBV, respectively, in driving the risk of liver cancer. 
1.2.3	Global burden of aflatoxin (DALYs)
The fungus Aspergillus is predominantly found at latitudes between 40˚N and 40˚S of the equator, typically in humid tropical and subtropical climates. The toxin-producing ability of Aspergillus and other fungi occurs on a global scale through the contamination of the food supply. Due to the magnitude of the issue, it is difficult to measure the true amount of aflatoxin exposure and resulting morbidity and mortality experienced by millions worldwide. To address this, Gibb et al. used country-level data from six WHO regions to estimate the burden of disease caused by four foodborne chemical toxins, including aflatoxin (2015). Table 1 shows the results from the African Region (AFR), the Americas Region A (AMR A), the Eastern Mediterranean Region (EMR), the Europe Region A (EUR A), the Southeast Asia Region (SEAR) and the Western Pacific Region (WPR). 
Their results show that aflatoxin is associated with the greatest number of disability-adjusted life years (DALYs) and is the largest contributor to the burden in the AFR and WPR, tabled below (Gibb et al. 2015). Compounded by high rates of poverty, populations in these regions afford little food variety which also increases aflatoxin exposure. These initial incidence estimates of aflatoxin-related mortality suggest a significant level of chronic exposure experienced globally by millions, particularly amongst subsistence farmers in rural areas. Health and surveillance systems in developing countries, where aflatoxin contamination is most prevalent, should be strengthened to better monitor aflatoxin levels and begin to reduce levels of exposure.  

Table 1: Median rate per 100,000 foodborne illnesses, deaths, and disability-adjusted life years (DALYs) due to aflatoxin, adapted from Gibb et al. (2015)
Region	Foodborne Illnesses (95% Confidence Interval)	Foodborne Deaths (95% Confidence Interval)	Foodborne DALYs (95% Confidence Interval)
 	 	 	 
African Region (AFRO)	0.4 (0.1 - 1)	0.4 (0.1 - 1)	15 (5 - 40)
			
America Region A (AMRO)	0.08 (0.02 - 0.6)	0.08 (0.02 - 0.6)	2 (0.4 - 15)
			
Eastern Mediterranean Region (EMRO)	0.2 (0.04 - 0.5)	0.1 (0.04 - 0.4)	4 (1 - 13)
			
Europe Region A (EURO)	0.02 (0.01- 0.03)	0.02 (0.01- 0.03)	0.5 (0.3 - 0.8)
			
Southeast Asia Region (SEARO)	0.2 (0.08 - 0.6)	0.2 (0.08 - 0.5)	7 (2 - 17)
			
Western Pacific Region (WPRO)	0.6 (0.1 - 2)	0.5 (0.09 - 2)	16 (3 - 63)
1.3	CHILDHOOD GROWTH PERFORMANCE
1.3.1	Stunting, underweight, and wasting
The assessment of growth in children is important for monitoring health status, identifying deviations from normality and determining the effectiveness of interventions (de Onis et al. 2012). In 2006, the WHO published Child Growth Standards to shift the way anthropomorphic measurements and child growth cards conveyed nutritional status: from describing “how” the children grew in a certain place and time to depicting how the children “should” grow (de Onis et al. 2012). The guidelines also introduced definitions for stunted, underweight, and wasted, stated as 2 or more standard deviations below the growth standard of height/length-for-age, weight-for-age, and weight-for-height, respectively.   
Stunting, or the height-for-age z-score (HAZ), is used to quantify the prevalence of chronic malnutrition during childhood and malnutrition from fetal development due to poor maternal nutrition (Khlangwiset et al. 2011). There is a myriad of factors that contribute to stunting, however there is growing concern that the consumption of aflatoxin contaminated food is a major underling contributor to this public health issue (Misihairabgwi et al. 2017). Insufficient nutrition and frequent infection are the most common causes of stunting, which typically occurs in children by the age of 2 and is largely irreversible (UNICEF 2017). Children who are underweight, defined as the weight-for-age z-score (WAZ) falling below 2, are at a higher risk of morbidity and mortality from communicable diseases. Underweight as well as wasting, or the weight-for-height z-score (WHZ), are typically considered indicators of acute malnutrition. It is likely that these conditions are caused by a short term or temporary event, such as a period of food insecurity or a drought. 
	The results from the 2013-14 Zambia Demographic Health Survey (DHS) found that in children under 5 years of age, 40% are stunted, 17% are severely stunted, 15% are underweight, 3% are severely underweight, and 6% are wasted (Zambia DHS 2013-14). Stunting has decreased by 5% from the previous Zambia DHS carried out in 2007 but rates of underweight and wasting have stayed relatively the same. When stratified by age group, stunting and severe stunting are both highest in the 18-23 month age group (Zambia DHS 2013-14).  This age group corresponds to the average duration of any breastfeeding in Zambia, reported at 20 months in the 2013-14 Zambia DHS. Therefore, it is possible that children at this age are at an increased risk of exposure and vulnerability to aflatoxins because they are being weaned and introduced to complementary foods, such as porridge made from contaminated maize. This finding is supported further by Figure 1, adapted from the 2013-14 Zambia DHS which shows the trends of stunting, underweight, and wasting among children under 5. The prevalence of stunting increases until it plateaus at approximately 20-22 months, indicating that aflatoxin exposure could be a possible explanation for the poor nutritional patterns observed. 

Figure 1: Nutritional status of children by age, adapted from the Zambia Demographic Health Survey (DHS), 2013-14
1.3.2	Adverse health effects of malnutrition
The manifestation of malnutrition in childhood can have significant long term negative health and developmental effects. A continuous deficiency of important nutrients and minerals in children can lead to a weakened immune system, thus increasing the risk of morbidity and mortality from communicable and opportunistic diseases. Chronic malnutrition can also result in impaired cognitive development, represented by poor performance in school. The inability to succeed in school can have further downstream effects, such as decreased job opportunities and productivity which can ultimately lead to poorer country-level economic output.
1.3.3	Global burden of malnutrition (DALYs)
Malnutrition is the single largest cause of DALYs lost in the world (IHME 2016).  Malnutrition poses the greatest threat to children with approximately 3.1 million child deaths caused annually by undernutrition related to fetal growth restriction, stunting, wasting, deficiencies of vitamin A and zinc, and suboptimum breastfeeding (Black et al. 2008). In addition to being a cause of death, malnutrition can also augment different diseases such as measles and malaria. Despite these known negative effects, malnutrition is rarely isolated as a main cause of death.  However, studies have estimated the proportions of deaths in which undernutrition is an underlying cause to be diarrhea (61%), malaria (57%), pneumonia (52%), and measles (45%) (Black et al. 2003, Bryce et al. 2005). Taken together, a significant amount of the morbidity and mortality in the world may be attributed to the negative health, developmental, and socioeconomic outcomes associated with malnutrition. 
1.4	Childhood growTH IMPAIRMENT
Growth impairment due to aflatoxin exposure has been documented in many children around the world. Because growth impairment such as stunting develops slowly and is caused by the interaction of multiple small and large-scale factors, it is impossible to identify one factor as being the sole cause. However, the ability of aflatoxins to impede growth, first observed in different animal species, indicates its inhibitory role in growth and development. In a review of aflatoxins and growth impairment by Khlangwiset et al. (2011), 29 out of 30 animal studies reported reduced weight gain after being exposed to aflatoxin in utero or through contaminated feed. 
Despite similar observations in human studies, a causal mechanism between aflatoxin exposure and growth is still unknown. One plausible biological pathway through which aflatoxin exposure may affect growth is through the inhibition of protein synthesis leading to impaired metabolism and liver function (Ismail et al. 2014, Williams et al. 2004). Previous studies investigating the link between aflatoxin exposure and kwashiorkor, a disease of protein energy malnutrition, provide evidence for this pathway but the true extent is unclear (Khlangwiset et al. 2011). More research is needed to show precisely how aflatoxin exposure suppresses growth through the monitoring of biomarkers during different periods of child development. Exposure may begin in children at three critical times of development: in utero, through breastfeeding, and through weaning and post-weaning foods, particularly in countries where maize and groundnuts are dietary staples. Recent findings suggest that children’s exposure to aflatoxins can be high during pregnancy from maternal exposure, followed by exposure in infancy and early childhood through contaminated breast milk and complementary foods (Ismail et al. 2014).  
1.4.1	In utero evidence of aflatoxin exposure
The maternal consumption of contaminated food staples throughout pregnancy may inadvertently expose fetuses to aflatoxins early in development. Multiple studies from Africa and other regions of the world have found aflatoxins and aflatoxin-albumin adducts (AF-alb) in cord blood samples, confirming aflatoxins are capable of crossing the human placental membrane (Maxwell et al. 1989, Gong et al. 2003, 2004). In a study of 282 babies from Ghana, 101 babies from Kenya, and 78 babies from Nigeria, aflatoxins were detected in 31%, 37%, and 12% of the cord blood samples, respectively (Maxwell et al. 1989). Another study found aflatoxins in 58% of the cord blood samples from Sierra Leone (Jonsyn et al. 1995a). 
Finding aflatoxins in cord blood indicates that exposure via maternal food intake can start and accumulate early in life. This is supported through the detection of aflatoxin and AF-alb in maternal blood, implying that both the mother and developing child are burdened by the exposure. A study in Kenya revealed that 37% of cord blood samples as well as 53% of blood samples from the mothers had detectable amounts of aflatoxins (De Vries et al. 1989). Results from Wild et al. (1991) were similar: 29 of 30 maternal blood samples and 22 of 30 matched umbilical cord blood sera from Gambian neonates all tested positive for AF-alb. The presence of aflatoxins in the mother during pregnancy have also been attributed to poorer birth outcomes. In the same study by De Vries et al. (1989), the average birth weight of females born to mothers with detectable amounts of aflatoxin were significantly lower than those born to mothers who tested negative for aflatoxins. More recently, a cross-sectional study to investigate the association between birth outcomes and aflatoxins was carried out in 785 pregnant women in Ghana. After aflatoxin B1 (AFB1)-lysine adduct levels were measured, mothers in the “very high” quartile (greater than 11.34 pg/mg) were more than twice as likely to have low birthweight babies (OR = 2.09) compared to mothers in the “low” quartile (Shuaib et al. 2010).     
In Africa, studies have shown that aflatoxin exposure can begin early in development through the maternal consumption of dietary staples that are highly susceptible to aflatoxin contamination. Poorer birth outcomes, such as low birth weight, have been observed which can lead to more upstream health problems as the child continues to grow. Interventions targeted at improving the nutrition of mothers during pregnancy by reducing aflatoxin exposure can help alleviate these related health issues, however exposure may occur during other life stages and can still result in the same adverse outcomes.  
1.4.2	Breastfeeding evidence of aflatoxin exposure
After possibly being exposed to aflatoxins in utero, children are also at risk of consuming aflatoxins through breastfeeding. Aflatoxin M1 (AFM1) is a metabolite of aflatoxin B1 that has been observed in maternal breast milk as well as dairy cattle that have consumed feed contaminated with AFB1. Though considered to be equitoxic but less carcinogenic than AFB1, AFM1 is relatively stable and difficult to control because it is not eliminated by typical food safety processes, such as heat treatments or pasteurization (Ketney et al. 2017). These characteristics pose serious health risks, particularly for children who are more sensitive to the acute and/or chronic toxicity of AFM1 (Mohammadi 2011, Ketney et al. 2017). Due to these effects, the International Agency for Research on Cancer (IARC 1993) classified AFM1 as a class 2B (or probable) human carcinogen.     
Early studies in Africa documented the presence of AFM1 and AFM2 in quantities higher than what is considered safe for human consumption. Coulter et al. (1984) detected aflatoxins M1 and/or M2, metabolites of AFB1 and AFB2, respectively, in 37 of 99 breast milk samples from Sudanese mothers. Of the total samples, AFM1 occurred alone in 13 samples (mean 19.0 pg/ml), AFM2 occurred alone in 11 samples (mean 12.2 pg/ml) and both were found in 13 samples. In another study of 264 breast milk samples from Ghana by Lamplugh et al. (1988), aflatoxins were detected in 90 (34%) and a significant difference was observed between the seasons that the samples were collected. AFM1 was detected more frequently in the wet season (p = 0.039) and in higher concentrations (445 +/- 442 ng/l) compared to the dry season (293 +/- 291 ng/l) (Lamplugh et al. 1988). A comparable study of Kenyan and Ghanaian mothers yielded similar results with aflatoxins detected in 28% and 34% of breast milk samples, respectively (Maxwell et al. 1989). In Sierra Leone, aflatoxins were detected in 99 of 113 (88%) of breast milk samples (Jonsyn et al. 1995b). 
The consistent finding of aflatoxin metabolites in breast milk indicates an additional route of exposure for children. The variability amongst levels of AFM1 may be explained by differences in analytical methods, differences in the study population, or issues of seasonality (Khlangwiset et al. 2011). However, enough evidence exists that lactating mothers, particularly in tropical and subtropical areas prone to aflatoxin contamination, can transfer aflatoxin to their babies through breastfeeding. 
1.4.3	Weaning/post-weaning evidence of aflatoxin exposure
The most substantial evidence for the association of aflatoxin exposure and reduced growth is due to the findings from childhood weaning and post-weaning studies. Childhood weaning practices vary across the world but in low-income countries, the main weaning foods are derived from the dietary staples most susceptible to aflatoxin contamination. In Africa, many children are weaned to complementary foods with porridges made from maize and groundnuts, which can lead to high aflatoxin exposures early in life (Khlangwiset et al. 2011).  
Multiple studies by Gong et al. (2002, 2003, 2004) observed hundreds of children in Benin and Togo and recorded AF-alb levels with HAZ, WAZ, and WHZ measurements to elucidate the association between aflatoxin exposure and childhood growth impairment. The initial study of 480 children, aged 9 months to 5 years, detected AF-alb in 99% of the children and found the prevalence of stunting and underweight to be 33% and 29%, respectively (Gong et al. 2002, 2003). The most significant finding was the negative correlations between individual AF-alb levels and HAZ (p=0.001), WAZ (p=0.005), and WHZ (p=0.047), indicating a strong dose-response relationship (Gong et al. 2002, 2003). To explore these findings further, 200 children, aged 16-37 months, were recruited from villages in Benin with either high or low aflatoxin exposure for a follow-up longitudinal study. Over the 8-month study period, a significant negative correlation (p < 0.0001) was found between AF-alb levels and height increase; the highest AF-alb quartile had a 1.7 cm average reduction in growth compared to the lowest AF-alb quartile (Gong et al. 2004). Furthermore, fully weaned children were associated with a twofold higher average AF-alb adduct levels than partially weaned children. The results from Gong et al. not only show a significant correlation between aflatoxin exposure and growth impairment, but that aflatoxin exposure also increases most dramatically after children are weaned from breastfeeding (2002, 2003, 2004). This may be explained by the lower toxicity of AFM1 in breastmilk, thus lower levels of exposure during breastfeeding when compared to the levels and toxicity of AFB1 found in main weaning foods such as maize and groundnuts. As children and their immune systems are still developing when weaning to solid foods begins, this time of development also corresponds to a period of higher vulnerability to aflatoxin exposure and resulting adverse health outcomes. 
In a similar study of children, aged 6 to 9 years, from The Gambia, AF-alb was detected in 93% of the samples at an average level of 22.3 pg/mg, ranging from 5-456 pg/mg (Turner et al. 2003). Although HAZ and WAZ was not associated with AF-alb levels, a significant association was found between WHZ and AF-alb (p = 0.034). A possible explanation for the lack of significance found with HAZ and WAZ measurements could be due to the implementation of a 5-year maternal supplementation program in The Gambia which coincided with the births of the study participants (Khlangwiset et al. 2011). However, Turner et al. (2007) carried out an additional observational study of 138 neonates in The Gambia and found that maternal aflatoxin exposure during pregnancy was significantly associated with infant height and weight gain in the first year of life. AF-alb levels in maternal blood served as a strong predictor of weight (p = 0.012) and height (p = 0.044) gain, furthermore a reduction in maternal AF-alb from 110 to 10 pg/mg was associated with a 0.8 kg increase in weight and 2 cm increase in height in the infants first year of development (Turner et al. 2007). 
Proper nutrition throughout childhood is critical, particularly during the transition from breastfeeding to complementary foods. Studies on aflatoxin exposure during weaning and post-weaning periods consistently demonstrate a time of increased vulnerability to the direct ingestion of contaminated food, coinciding with a significant time of development for young children. For example, in a study of 242 Kenyan children aged 3-36 months, the number of wasted children was significantly associated to being weaned with aflatoxin contaminated flour (Okoth and Ohingo, 2004). Therefore, children at this age should be the focus of interventions targeted at decreasing aflatoxin exposure. 
1.5	Aflatoxin studies in Sub-saharan africa
Aflatoxins and their negative health effects have been measured and documented in many countries in sub-Saharan Africa for decades. The International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) has been an important contributor to aflatoxin studies in Africa, first starting in West and Central Africa in the 1980s. After the aflatoxicosis outbreak in Kenya in 2004, more attention was given to aflatoxins including assistance from outside countries and other non-governmental organizations (NGOs). As a result, significant discoveries have been made including aflatoxin-resistant strains of maize and groundnuts, new rapid aflatoxin detection tests, and an increased understanding of the immunosuppressing and growth-inhibiting effects of aflatoxin exposure (ICRISAT 2017). 









Table 2: Summary of aflatoxin contamination levels from other sub-Saharan African countries
Study	Country	Region / Province	Results
		 	 
 (Mutiga et al. 2015)	Kenya	Nyanza	Among 985 maize samples, 49% had detectable levels of aflatoxin and 15% were contaminated above the regulatory limit (>10 ppb)
			
			
			The highest percentage of aflatoxin-contaminated maize was found in two drought-prone subcounties in the Nyanza region
		Western	
			
			Aflatoxin levels were significantly associated with AEZ (p = 0.038)
			
		Rift Valley	Rainfall during growing season was negatively correlated with percentage of samples with aflatoxin above the regulatory limit (rs = -0.79, p = 0.004)
			
		 	 
(Kilonzo et al. 2014)	Kenya	Eastern	Aflatoxins were found in 45% of maize kernels between 18 and 480 μg kg⁻¹, 20% of muthokoi between 12 and 123 μg kg⁻¹, and 35% of maize meal between 6 and 30 μg kg⁻¹
		 	 
(Daniel et al. 2011)	Kenya	Eastern	During outbreak years (2005 and 2006), 41% and 51% of maize samples, respectively, had aflatoxin levels above regulatory limit of 20 ppb
			
		Eastern	Geometric mean (GM) aflatoxin levels were higher in 2005 (GM = 12.92, maximum 48,000 ppb) and 2006 (GM = 26.03, maximum = 24,400 ppb) compared with 2007 (GM = 1.95, maximum = 2,500 ppb) (p < 0.001)
		 	 
(Seetha et al. 2017)	Tanzania	Manyara	312 farmers from 5 villages were recruited, trained on aflatoxin mitigation strategies and allowed to use the strategies for 2 years. After 2 years, 188 of the 312 farmers were tracked and maize samples were assessed
			
		Dodoma	Average aflatoxin contamination in freshly harvested samples was 18.8 μg/kg and increased during storage to an average of 57.2 μg/kg  
			
			Average aflatoxin contamination predicted to decrease by 28.9 μg/kg if non-trained farmers receive mitigation training 
		 	 




(Mwalwayo and Thole, 2016)	Malawi	Northern	Out of 90 total maize samples, the overall mean was 8.3 μg/kg (maximum = 140 μg/kg) and 21% of samples exceeded the Malawi MTL of 10 μg/kg
			
		Central	Highest concentrations were observed in the Southern region in Chikhwawa district with a mean of 22.5 μg/kg, followed by Machinga with 18.5 μg/kg and Salima with 11.8 μg/kg
		Southern	
			Aflatoxin contamination in the districts was significantly different (p < 0.05)
	 	 	 

1.6	Aflatoxin studies in zambia
There is a paucity of research on aflatoxins in Zambia, however four studies have shown the pervasiveness of aflatoxins within the country. A comprehensive analysis of peanut butter by Njoroge et al. (2016) revealed that high levels of AFB1 occur frequently in Zambia. Samples were collected in Eastern province from shops in Chipata, Mambwe, Petauke, Katete and Nyimba districts as well as in the capital, Lusaka. In 2012, 73% of the brands tested were contaminated with AFB1 levels >20 µg/kg, up to a maximum of 130 µg/kg. Brands with consistent AFB1 levels >20 µg/kg increased to 80% in 2013, ranging to as high as 10,000 µg/kg. Samples imported from Malawi, Zimbabwe, and South Africa were also measured and had significantly lower levels of aflatoxins compared to local brands in 2012 and 2014 (Njoroge et al. 2016). These findings indicate that populations in the sub-Saharan region of Africa are at risk for chronic aflatoxin exposure from the groundnuts produced there.   
An assessment of maize from forest, valley, and plateau areas in three agroecological zones (I, II, and III) of Zambia reported on the crops susceptibility to spoilage from insects and fungal contamination. Aflatoxins ranging between 0.7 and 108.39 ppb were found in 21.4% of the samples, with the highest concentrations in valley and forest areas in Zone II (Kankolongo et al. 2009). Another study to determine the prevalence of ear rot disease in maize also found a high risk of aflatoxin exposure for subsistence farmers in Southern and Lusaka provinces. Aflatoxin concentrations from two districts were far higher than the FAO/WHO recommended 2ppb maximum daily intake, and a relationship was identified between disease incidence and climate indicators such as rainfall, relative humidity and temperature (Mukanga et al. 2010). 
Recently, the first assessment of aflatoxin contamination in maize and groundnut samples was done and compared across agro-ecological zones in Zambia (Kachapulula et al. 2017). The proliferation of Aspergillus flavus in storage was also studied to estimate the potential of aflatoxin to accumulate. The results found that 17% of crops contained concentrations above 10 µg kg-1 and the proportions of crops unsafe for human consumption differed significantly (p < 0.001) between the warmest agro-ecological zone I with 38% contamination and the cool, wet agro-ecological zone III with 8% contamination. Additionally, a 1000-fold increase in aflatoxin was observed in both maize and groundnuts after a week of poor storage conditions at 31°C (Kachapulula et al. 2017). Although average aflatoxin concentrations are lower than those typically reported in Kenya, maize samples from Sesheke, Monze, and Mazabuka districts of Zambia had levels high enough to cause acute lethal aflatoxicosis. Therefore, interventions to reduce aflatoxins, particularly in warmer drier regions, are urgently needed in Zambia (Kachapulula et al. 2017).  
1.7	GAP IN KNOWLEDGE
Zambia has not studied the prevalence of aflatoxin contamination as extensively as other sub-Saharan African countries. Countries such as Kenya, Tanzania, and Malawi have clearly shown a relationship between aflatoxin exposure and malnutrition, as well as the effect of other factors that contribute to aflatoxin proliferation like agro-ecological zones and climate conditions. Because of the comparable climates of the countries in this region of Africa, it is very likely that Zambians are also at a high risk of chronic aflatoxin exposure in their lifetimes, despite the lack of data collected on aflatoxin contamination. 
1.8	PUBLIC HEALTH significance
As country-wide aflatoxin data were previously uncollected, this analysis can be a benchmark assessment for Zambia to serve as a reference for future aflatoxin research and interventions. Growing evidence continues to support the hypothesis of a biological mechanism between aflatoxin exposure and growth impairment. Despite this process not being fully understood, enough information exists to encourage the prevention of chronic exposure to aflatoxin because of its well documented and harmful public health impact. Developing countries such as Zambia that are at highest risk of consuming unregulated amounts of aflatoxins should be especially emphasized in prevention programs. 
Research is needed to investigate how aflatoxin exposure affects malnutrition, represented by measures of stunting, underweight, and wasting but there is enough evidence to support the translation of this information into aflatoxin-mitigating interventions. A reduction in individual chronic aflatoxin exposure can strengthen the immune system, lead to improved performance in school and an overall improvement in economical capacity. From the individual level to country level, improving childhood growth performance by minimizing chronic aflatoxin exposure can have a positive and widespread public health impact. 
2.0 	OBJECTIVE
The primary objective of this investigation is to explore the cross-sectional association between aflatoxin concentrations in maize and malnutrition indicators in Zambia. The hypothesis is that aflatoxin exposure is negatively associated with growth parameters in children, namely, the malnutrition outcomes of stunting, underweight, and wasting.  
3.0 	METHODS
3.1	DATA SOURCES
The data used in this investigation were obtained from two sources: the 2013-14 Zambia Demographic and Health Survey (DHS) via the DHS program website and the results from Kachapulula et al. (2017), which produced the most comprehensive assessment of aflatoxin contamination in Zambia to date. The phase 6 fieldwork for the DHS was carried out from August 2013 through April 2014. Aflatoxin was measured from maize and groundnut samples (µg kg-1) collected from 23 districts beginning in May 2012 through January 2016. Because the DHS data was collected in 2014, only aflatoxin samples collected before 2015 were included in the statistical analysis. 
3.1.1	Malnutrition data from the Zambia DHS, 2013-14
Two datasets were downloaded from the 2013-14 Zambia DHS: the Children’s Recode survey dataset (ZMKR61FL) and the GPS dataset (ZMGE61FL). The ZMKR61FL survey data contains hundreds of variables, including the malnutrition indicators HW70 (stunting), HW71 (underweight), and HW72 (wasting) that represent the raw height for age standard deviations, weight for age standard deviations, and weight for height standard deviations, respectively. These measures were calculated using the new Child Growth Standards published by the World Health Organization (WHO) in 2006. In addition, the variable V001 representing the “cluster number” was used to merge the Children’s Recode dataset to the GPS dataset. 
The GPS dataset (ZMGE61FL) contains latitudes, longitudes, and provinces organized by the DHSCLUST (“cluster number”) variable. A total of 722 clusters were initially in the dataset. The Children’s Recode dataset and GPS dataset were then merged via variables V001 and DHSCLUST; in order for the merge to be successful, the record had to appear in both datasets. The resulting dataset combined the malnutrition indicators with their respective GPS coordinates, yielding 13,065 total individual records from the 722 clusters sampled after removing missing values (encoded as 9996, 9997, or 9998). 
To account for the provincial level reporting by the DHS, a “district” variable was created in order to obtain a more detailed analysis. By importing the merged dataset into Tableau 10.4. and using the County Name and County Boundary map layer functions, the district name for each sample was visible on the map and subsequently encoded into the dataset. 
3.1.2	Aflatoxin contamination data from Kachapulula et al. (2017)
The aflatoxin dataset of individual sample concentrations was used with permission from Dr. Paul Kachapulula, published in Kachapulula et al. (2017). The total dataset contains the aflatoxin content, measured in µg/kg, of 178 maize samples and 135 groundnut samples from 20 districts, including corresponding GPS coordinates and district names. Two districts, Mazabuka (Southern province) and Sesheke (Western province) were identified as outliers because the aflatoxin measurements from maize of 107.6 µg kg-1 and 41.24 µg kg-1, respectively were much higher than the other samples. Due to the incompleteness of the groundnut data, only aflatoxin measurements from maize were included in the analysis. Additional limitations of this assessment include sampling at multiple different times and sampling that was not representative of all 106 districts.
To account for the differing sample years between the DHS and aflatoxin assessment, all maize samples collected after 2014 were excluded from the analysis. This removed Mansa district (and thus Luapula province) from the analysis. Furthermore, the GPS coordinates from the Children’s Recode dataset with the malnutrition variables of stunting, underweight, and wasting and the aflatoxin dataset could not be matched by latitude and longitude. The malnutrition data from the DHS was instead merged to the aflatoxin data via the “district” variable. Therefore, data from the Children’s Recode dataset were excluded if it did not originate from one of the 19 districts with an aflatoxin measurement. As a result, a total of 1,306 malnutrition records representing six provinces were included in the analysis from the original 13,065 records. The district-level analysis was carried out after the 1,306 malnutrition records were aggregated into 19 corresponding district averages of stunting, underweight, and wasting and compared to the same 19 district averages of aflatoxin derived from the 147 aflatoxin samples.   
3.2	STATISTICAL ANALYSIS
The distribution and variation of malnutrition outcomes from the DHS dataset (n=1,306) by six provinces was displayed using three boxplots from Tableau 10.4. Scatterplots of the 19 district averages of stunting, underweight, and wasting with corresponding district averages of aflatoxin were created in Tableau 10.4 and fitted with linear trend lines. A Spearman correlation analysis examining the association between aflatoxin concentration and malnutrition outcomes for the 19 districts with data for both measures was performed in SAS 9.4. Sub-analyses excluding the outliers of Mazabuka and Sesheke districts were also conducted for the scatterplots and a Spearman correlation analysis.

4.0 	RESULTS




Figure 2: Map of Zambia with district average aflatoxin contamination (µg kg-1) corresponding to dot size








Figure 3: Boxplots of stunting (height-for-age z-scores x 100) by province


Figure 4: Boxplots of underweight (weight-for-age z-scores x 100) by province


Figure 5:  Boxplots of wasting (weight-for-height z-scores x 100) by province






Figure 6: Scatterplot of district average height-for-age z-scores (HAZ) and district average maize aflatoxin concentrations, with linear trend line


Figure 7: Scatterplot of district average height-for-age z-scores (HAZ) and district average maize aflatoxin concentrations after removing outliers, with linear trend line




















Figure 11: Scatterplot of district average WHZ scores and district average maize aflatoxin concentrations after removing outliers, with linear trend line






Table 4: Spearman correlation matrix between aflatoxin concentration and average height-for-age z-score, weight-for-age z-score and weight-for-height z-score, n=19
	Average Maize Aflatoxin	Average height-for-age z-score (HAZ)	Average weight-for-age z-score (WAZ)	Average weight-for-height z-score (WHZ)
				
 	 	 	 	 
Average Maize Aflatoxin 	           1.000	          0.028	         -0.233	            -0.483






Table 5: Spearman correlation matrix between aflatoxin concentration and average height-for-age z-score, weight-for-age z-score and weight-for-height z-score, excluding outliers, n=17
	Average Maize Aflatoxin	Average height-for-age z-score (HAZ)	Average weight-for-age z-score (WAZ)	Average weight-for-height z-score (WHZ)
				
 	 	 	 	 
Average Maize Aflatoxin 	           1.000	          -0.114	         -0.288	            -0.315






This exploratory analysis examined the relationship between aflatoxin concentration and malnutrition outcomes in children under age 5 from Zambia. A significant association was found between aflatoxins and wasting (WHZ) but no relationship was found for the other measures of malnutrition (stunting and underweight). After excluding the two outlier districts, no significant associations were found in any of the malnutrition outcomes although all associations were in the expected direction; i.e. higher concentration of aflatoxins are related to poorer growth outcomes and higher rates of malnutrition. It is important to note that the association observed in Zambia may be mostly driven by the two outlier districts of Mazabuka and Sesheke. These outliers are found in Southern and Western provinces, respectively and may be a result of environmental factors that are typical for these areas. Southern and Western provinces are more prone to hot and dry drought conditions which are favorable for aflatoxin proliferation in the field which may lead to an increase in aflatoxin accumulation in storage. Food insecurity in these provinces may force rural farmers to store damaged portions of their harvest for their own consumption which could lead to a period of increased aflatoxin ingestion. Nonetheless, this preliminary investigation provides early evidence that aflatoxins may play a role in the failure to receive adequate nutrition in children under 5 in Zambia.
The results from this exploratory study are supported by similar results from previous research analyzing the height, weight, and aflatoxin-albumin concentrations in children from Benin, Togo, and Kenya (Gong et al. 2002, 2004, Okoth and Ohingo 2004). In a study of 479 children from Benin and Togo, individual AF-alb levels were negatively correlated to stunting (HAZ), underweight (WAZ), and wasting (WHZ) with clear dose-response relations for each parameter (Gong et al. 2002). However, due to the cross-sectional design of the analysis, the mechanism by which aflatoxin exposure contributes to growth impairment is unclear. To investigate these findings further, Gong et al. (2004) carried out a longitudinal study in children from Benin and again found a significant inverse correlation between AF-alb levels and HAZ score and WHZ score but not WAZ score. Furthermore, weaning status was identified as the underlying cause of the association between age and AF-alb levels, indicating that weaning to complementary foods represents a period of increased aflatoxin exposure (Gong et al. 2004). Similarly, an analysis by Okoth and Ohingo (2004) found a highly significant association between wasting in children and being fed aflatoxin-contaminated weaning flour (p = 0.002). The results of these studies from Benin, Togo, Kenya, as well as the current preliminary analysis from Zambia points towards aflatoxins possibly playing a role in the development of wasting, or acute malnutrition, in children under 5 years of age.
Despite the limited findings from this novel study in Zambia, aflatoxin exposure has well-documented negative effects on child growth and nutrition in other countries around the world. Other studies have found higher concentrations of aflatoxins in dry, drought prone areas (Mutiga et al. 2015, Mwalwayo and Thole, 2016). The current exploratory analysis was limited, and an analysis with finer granularity at the provincial level, including measurements on rainfall, temperature and humidity may yield similar results in Zambia as those found in other sub-Saharan countries. The results from Gong et al. (2002, 2003, 2004) found that children being weaned from breastfeeding to complementary foods were shorter on average had higher AF-alb levels. Stratification by age group to identify ages most susceptible to aflatoxin exposure in children from Zambia may elucidate a similar relationship. Due to the nature of these data, this association could not be examined in the current analysis. However, these preliminary findings in this analysis signal the need for further well-designed studies to better understand the role of aflatoxin exposure in the development of malnutrition in children from Zambia.
The most prominent limitation of this analysis is the use of population-level data to connect to aflatoxin contamination data, which are not truly representative of individual biological exposure. The analysis was performed based on geographic area; district averages of aflatoxin contamination were compared to individual records of stunting, underweight, and wasting in corresponding districts. Thus, aflatoxin exposure was assumed to occur when both measurements originated from the same district. The different timing of sampling for the aflatoxin concentration data and malnutrition data are also a major limitation. To account for this, only data from 2014 and earlier were included in the analysis but the timing is still a concern because of the lag time it takes for malnutrition to develop. Longitudinal studies with blood, urine, and breastmilk samples testing for AFB1 and AFM1 from a cohort of Zambian children and mothers are also needed to clarify the effect of aflatoxin exposure on childhood growth and development. 
Another limitation is the sample size of maize which came from a small number of districts. Maize aflatoxin concentration was measured from 19 districts representing six provinces; there are a total of 106 districts and 10 provinces in Zambia. Future research should include samples from more districts to increase the power, external validity and generalizability of these results. Furthermore, a causal mechanism between aflatoxin exposure and growth impairment in children has yet to be discovered. As the body of evidence continues to grow about the interaction between aflatoxin exposure and malnutrition, future studies should focus on deciphering a biological mechanism.    
Furthermore, the seasonality of the maize sampling may also impact the findings from this study. The sampling for maize from Central province was carried out in May 2013. In Western province, maize samples were collected from the districts at multiple different times: June 2014, August 2014, September 2014, and October 2014. All samples from Eastern province were collected in May 2012. Winter, or the dry season in Zambia typically goes from May through October/November, with the cold dry season occurring from May-August and the hot dry season from September-October/November. Previous studies have detected aflatoxins in human bodily fluids more often in the wet season than the dry season (Khlangwiset et al. 2011). Because the majority of the sampling for Central, Western, and Eastern provinces occurred in the dry season, it is possible that these conditions were unfavorable to aflatoxin proliferation which may have contributed to the positive correlation coefficients or lack of significant results. Furthermore, other studies have reported significant differences in aflatoxin concentrations between agro-ecological zones which could also play a role in Zambia (Mutiga et al. 2015). There may also be additional unknown cofounding or modifying factors that have the potential to affect malnutrition and aflatoxin exposure in these areas. Future research should include more robust sampling from additional districts in Zambia for a more comprehensive country-level analysis. Identifying potential unknown variables should be a priority as well as focusing on the role of seasonality and climate factors on aflatoxin concentrations and exposure. 
The preliminary finding from this work, coupled with previous studies show that aflatoxins are a widespread public health problem, especially in developing countries in Africa. Considering the significant association found between aflatoxin concentration and wasting, the pervasive threat of aflatoxins in this region justifies the urgent need for interventions aimed at reducing aflatoxin exposure in children under 5. The costs and efficacy of different interventions to combat the negative health effects of aflatoxins are discussed in detail by Khlangwiset and Wu (2010). Potential interventions can be divided into three different times of possible aflatoxin accumulation: pre-harvest, post-harvest, and dietary. Pre-harvest activities include improving education and awareness about aflatoxins and implementing biocontrol mechanisms that compete with metabolite growth during the farming season (Mutegi et al. 2007, Probst et al. 2011). Post-harvest activities include applying different sorting methods and bagging practices which have been shown to significantly reduce and prevent aflatoxin accumulation in storage (Kabak et al. 2006, Ng’ang’a et al. 2016). Lastly, adding a calcium montmorillonite clay supplement to the diet has been shown to reduce aflatoxin bioavailability and can reduce the risk of aflatoxicosis (Awuor et al. 2016). The implementation of any one or combination of these interventions can increase awareness about aflatoxins, decrease the presence and exposure of aflatoxins, and may ultimately reduce rates of malnutrition in Zambia. 
In conclusion, the risk of chronic aflatoxin exposure is especially high in developing countries in sub-Saharan Africa like Zambia, where contamination is most prevalent in highly-consumed staple foods that often go unregulated in rural areas. The inhabitants of these areas are most likely to be poverty-level subsistence farmers with limited options to diversify their diets. This becomes particularly problematic during times of drought and/or food insecurity, when individuals and families are left to consume low-quality maize which also happens to be most susceptible to aflatoxin contamination due to kernel stress and damage. It is in these scenarios that the risk of an aflatoxicosis outbreak increases which can result in numerous fatalities, as reported in previous outbreaks. Education interventions about the negative health effects of aflatoxins and how to correctly identify and remove damaged kernels from the harvest should be targeted towards rural populations in Zambia in order to increase the overall awareness of aflatoxins. As awareness increases, chronic exposure to aflatoxins may gradually decrease with the continued implementation of pre-harvest and post-harvest interventions. A comprehensive approach towards mitigating aflatoxin contamination in Zambia through grassroots level awareness and capacity building campaigns may result in a significant public health impact on the reduction of malnutrition outcomes associated with aflatoxin exposure.  
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